In a screen for new DNA repair mutants, we tested 6275 Drosophila strains bearing homozygous mutagenized autosomes (obtained from C. Zuker) for hypersensitivity to methyl methanesulfonate (MMS) and nitrogen mustard (HN2). Testing of 2585 second-chromosome lines resulted in the recovery of 18 mutants, 8 of which were alleles of known genes. The remaining 10 second-chromosome mutants were solely sensitive to MMS and define 8 new mutagen-sensitive genes (mus212-mus219). Testing of 3690 third chromosomes led to the identification of 60 third-chromosome mutants, 44 of which were alleles of known genes. The remaining 16 mutants define 14 new mutagen-sensitive genes (mus314-mus327). We have initiated efforts to identify these genes at the molecular level and report here the first two identified. The HN2-sensitive mus322 mutant defines the Drosophila ortholog of the yeast snm1 gene, and the MMS-and HN2-sensitive mus301 mutant defines the Drosophila ortholog of the human HEL308 gene. We have also identified a second-chromosome mutant, mus215 ZIII-2059 , that uniformly reduces the frequency of meiotic recombination to Ͻ3% of that observed in wild type and thus defines a function required for both DNA repair and meiotic recombination. At least one allele of each new gene identified in this study is available at the Bloomington Stock Center.
T HE ability of cells to reproduce their genome accureactive species generated through normal cellular oxidative metabolism. rately requires both continuous monitoring of the
The repair of such disparate types of damage requires integrity of the DNA complement and efficient repair the action of a variety of qualitatively different DNA of damage to the DNA. Coordination of these processes repair systems. To date, there is biochemical and genetic is required for proper completion of DNA replication evidence from bacteria, yeast, and other higher eukaryoand cell division, and it is crucial that cells be able to tic systems for Ͼ130 distinct proteins involved in recogrecognize damaged or incompletely replicated DNA to nition and repair of DNA damage (Wood et al. 2001) . halt the cell cycle while damage is repaired and, most Some of these proteins function quite specifically in critically, to accurately repair that damage. In higher repairing or removing damaged DNA (e.g., photolyase), eukaryotes, impediments to repair can lead to high frewhile others (e.g., DNA ligases) play more general roles quencies of mutation, cancer, and in some cases, cell in cellular metabolism in addition to their specific funcor organismal death. DNA damage involves a variety tions in repair. There are five major categories of DNA of molecular lesions, including double-strand breaks repair, as reviewed in detail (Friedberg et al. 1995) . (DSBs) of the DNA duplex, nicks in a single strand, These include damage reversal, in which the chemical creation of abasic sites, and a plethora of covalent chemalteration to the DNA molecule is reversed to restore ical modifications. These modifications include covathe original sequence; base excision repair, in which lent linkage of a variety of large and small adducts to damaged nucleotides are excised in a process that inthe bases, as well as creation of intra-and interstrand volves sequential base removal, endonucleolytic cleavcrosslinks between bases. Damage can result both from age of the abasic site, and replacement of one or a few external causes, including exposure to chemical mutanucleotides; nucleotide excision repair, in which bases gens and ionizing radiation, and from interaction with modified by bulky adducts are removed along with flanking bases by a pair of endonucleolytic cleavages releasing an oligonucleotide, followed by gap filling; nucleolytic removal of sequences including the misdefined by only a single allele, an observation that suggests that screens for mutagen-sensitive mutants have matched nucleotide, and polymerization to replace the sequences removed; and double-strand break repair, in not yet reached saturation. For these reasons, we set out to exploit an important Drosophila resource, the collecwhich the broken ends of a duplex are rejoined by one of two methods: either direct ligation of the two ends tion of nearly 12,000 EMS-mutagenized lines created by Charles Zuker (E. J. Koundakjian and C. Zuker, after processing, which commonly results in the loss of sequence integrity at the junction, or repair by homolopersonal communication) to carry out a screen for novel mus mutants. gous recombination, in which the undamaged sequence present on the sister chromatid or homologous chromo-
We report here a screen of 6275 homozygous viable mutagenized lines (derived from the Zuker collection) some is used as a template for accurate repair of the break. Specific types of damage may require the action for new mutants that were sensitive to methyl methanesulfonate (MMS) and/or nitrogen mustard (HN2). Of of more than one of these pathways. For example, genetic evidence from studies of interstrand crosslink rethe 78 mutants recovered, 52 represent additional alleles of known genes. One of these, mus301, we have pair mutants in Saccharomyces cerevisiae indicates that this process involves functions belonging to three separate identified as the Drosophila ortholog of the human HEL308 gene. The remaining 26 new mutants define repair pathways, as defined by genetic epistasis groups (Grossmann et al. 2001) .
22 new genes. Characterization of the 78 mutants is described below. One of these genes (mus322) has been Genes that do not actually participate in the physical correction of damaged sequences may nonetheless be characterized at the molecular level and shown to encode the Drosophila homolog of the interstrand crossconsidered to be part of the DNA repair machinery of the cell. For example, error-prone DNA polymerases link repair gene snm1 (Henriques and Moustacchi 1980; Dronkert et al. 2000) . Another group has used permit trans-lesion synthesis past damaged bases, allowing a cell to complete DNA replication despite the the two mus312 alleles generated in this screen to identify the mus312 gene at the molecular level. In addition, persistence of damage (Holmquist and Maher 2002) . Likewise, "checkpoint" genes, which monitor genomic a newly identified second-chromosome gene (mus215) has been shown to be required for normal levels of integrity and halt the progression of the cell cycle until damage is repaired by the mechanisms described above, meiotic recombination, as well as for repairing DNA damage induced by MMS. are essential components of the cellular response to DNA-damaging agents (Weinert and Lydall 1993; Lehmann and Carr 1995).
MATERIALS AND METHODS
Work on DNA repair in Drosophila began over 2 decades ago with the first screens for repair-deficient Acquisition of stocks: The Zuker laboratory created a collection composed of 6000 second-chromosome and 6200 thirdmutants (Boyd et al. 1976; Smith 1976 Drosophila genes with mutagen hypersensitivity phenomm EMS (Niemeyer et al. 1996; Tsunoda et al. 1997; types have been identified in such screens to date. GeKoundakjian and C. Zuker, personal communication). The netic screens for mutagen-sensitive (mus) mutants have mutagenized autosomes were isolated over second-or thirdchromosome balancers, and the stocks were provided and identified 8 DNA repair genes on the X chromosome maintained in this state. The collection arrived in batches of (Boyd et al. 1976 (Boyd et al. , 1981 Smith 1976; Nguyen et al. 1978;  600 lines each week over a total of 7 months. All mutant Yamamoto et al. 1990; Leonhardt and Boyd 1993) , in lines were maintained at room temperature on a standard addition to two mutagen-sensitive loci (mei-9 and mei-41) cornmeal-dextrose medium. The second-chromosome muthat were first identified in screens for X-linked meiotic tants were isolated on a cn bw chromosome and balanced over CyO, while the third-chromosome mutants were isolated on a mutants (Baker and Carpenter 1972; Baker et al. st chromosome and received as stocks of genotype bw/bw; st/ 1976). Twenty-two DNA repair genes on the second and TM6B. Our screen compared the viability of mutagenized third chromosomes were likewise identified in screens homozygotes to that of their mutagenized balancer heterozyfor new mus mutants (Boyd et al. 1981; Snyder and gote siblings. Mutant lines in which the frequency of homozy- Smith 1982; Henderson et al. 1987) . The information gotes in the absence of treatment was Ͻ10% of the expected number were not tested further, since the presence of accumucurrently available about these genes is summarized in lated lethal or sublethal mutations interfered with the screen Table 1. for mutagen sensitivity. The total number of discarded secondDespite the success of these earlier screens, two lines chromosome lines was 3415 (or 56.9%) of the 6000 lines. The of evidence suggested that there were many more such total number of discarded third-chromosome lines was 2510 genes to be identified in Drosophila. First, numerous (or 40 .2%) of the 6200 lines. The remaining 6275 mutant lines were tested in our screen.
Drosophila proteins similar in amino acid sequence to At least one allele of each new gene identified in this study known repair proteins from other species, but not assois available at the Bloomington Stock Center. The Hawley ciated with a specific mutagen-sensitive mutation, have laboratory in Kansas City maintains all other alleles.
been predicted through comparative analysis of the DroScreening for mutagen sensitivity: The screen consisted of sophila genome sequence (Adams et al. 2000) . Second, three consecutive rounds of mutagen-sensitivity testing: In the first round, the 6275 lines from the second (2585) and third many of the genes for which mutants do exist remain "ϩ," mutagen sensitivity; "Ϫ," lack of sensitivity; "Ϯ," weak sensitivity (see materials and methods for details). Sensitivities indicated are based on information presented in the FlyBase database gene reports and references therein (http:/ /flybase.bio. indiana.edu/).
(3690) chromosomes were tested with the appropriate concenthat was Ͻ10% of the homozygote/balancer heterozygote ratio of the untreated control vials. trations of MMS and HN2 (see above). Young males and females from each line were transferred into a fresh vial and A total of 1558 balanced lines (681 from the second chromosome and 877 from the third chromosome) entered round 2 were allowed to lay eggs for 24 hr at room temperature. After 48 hr, these first vials were treated with MMS. At the end of of the screen. For round 2, we followed a similar protocol as in round 1, except that all lines went through the screen as the first 24 hr, the parents were transferred into a second vial and were allowed to lay eggs for an additional 24 hr. After 48 paired vials. The mutagen treatments also changed in this round, with lines receiving 0.05 and 0.025% MMS treatments hr, these second vials were treated with HN2. At the end of 24 hr, the second-vial parents were transferred to a third vial and 0.003 and 0.005% HN2 treatments. During the first half of this round, it was determined that no significant difference and were allowed to lay eggs for 24 hr and then discarded. The third vials were the controls for round 1. All vials were in sensitivity occurred between the two concentrations of MMS or HN2; thus, the last half of the round 2 lines were treated scored on the fifteenth day after the beginning of egg laying. Lines were considered mutagen sensitive if either mutagenwith only 0.05% MMS or 0.005% HN2. A total of 507 lines (210 from the second chromosome and 297 from the third treated vial had a homozygote/balancer heterozygote ratio chromosome) entered round 3 of the screen. To increase the ferred from the first vial were allowed to lay eggs in a number of progeny tested, round 3 lines were brooded in second vial for an additional 24 hr and then removed. (2.25 mm).
In most cases, the profile of mutagen sensitivity observed for
All 18 newly identified second-chromosome mus muone of our newly isolated alleles matched that of other pretants were tested for the ability to complement known viously studied alleles of that gene.
second-chromosome mus mutants mus201 (4), okra (1), and rad201 (2)]. As shown in Table 4 , the in diameter) were treated with 1 ml of mutagen solution.
Measurement of meiotic nondisjunction: Selected homoremaining 10 mutants were complementation tested in zygous mutagen-sensitive mutants were tested for chiasmate all pairwise combinations and shown to define 8 new X nondisjunction, including rad201 ZII-0670 , mus201 ZII-1953 , mutagen-sensitive genes, all of which were uniquely sen- two mutants fail to lay eggs. When initially analyzed, frequencies calculated as described (Hawley et al. 1992) .
mus215 ZII-2059 females, although fertile, displayed a severe defect in meiotic recombination. Females of the genotype y cv v f car/ϩ; mus215 ZII-2059 displayed both very high RESULTS levels of X chromosome nondisjunction (20.9%, N ϭ To begin the screen, it was necessary to determine 1331) and levels of meiotic recombination that were the background sensitivity of the second-and third-Ͻ3% of those observed in wild type. Curiously, the obchromosome parental flies to both MMS and HN2. For served decrease in recombination was not polar, as is the third chromosome, we transferred the bw/bw; st/st observed for most recombination-defective mutants siblings into fresh vials and allowed them to lay eggs for (Baker and Hall 1976) , but rather uniformly distrib-24 hr at room temperature. The cleared vials were aged uted across the entire arm. This phenotype is exhibited for an additional 24 hr to permit all embryos to hatch only by loss-of-function mutants at the mei-9 and mus312 and then treated with varying concentrations of MMS genes, both of which encode proteins thought to be involved in the process of resolving recombinational (0.025-0.2%) or HN2 (0.003-0.02%). Parents trans- intermediates into crossover products (Yildiz et al. that it maps to a region of the second chromosome not well balanced by the CyO balancer. Efforts to recover 2002). The observed defect in exchange resolution is consistent with a defect in the timing of synaptonemal the original mutant phenotype are in progress in our laboratories. complex dissolution observed in mus215 ZII-2059 oocytes by S. L. Page, C. M. Orme and H. K. Peters (personal The third chromosome: After discarding the lines bearing recessive lethal or semilethal mutations, 3690 communication). In the year since this analysis, the mus-215 ZII-2059 stock has lost both the mutagen-sensitivity and third chromosomes were tested for mutagen sensitivity. Approximately 1.4% (53/3690) of these lines were meiotic chromosome segregation phenotypes, possibly as a consequence of the accumulation of genetic modshown to be sensitive to MMS. Sensitivity data for these lines are reported in Table 5 . Again, the frequency with ifiers or perhaps due to loss by recombination, assuming recently in the mouse (Dronkert et al. 2000) . Identification of snm1: As noted above, our screen identified only seven lines that were uniquely hypersensitive to HN2. Of the seven new mutants, three were which we recovered MMS-sensitive mutants was ‫-5ف‬fold higher than the frequency (0.3%, 31/11,334) of MMSdetermined to be alleles of mus308, the only previously characterized Drosophila gene whose mutant phenosensitive mutants previously obtained (Boyd et al. 1981 ) from third chromosomes mutagenized at an ‫-01ف‬fold type included hypersensitivity only to agents capable of creating DNA interstrand crosslinks (Boyd et al. 1990 ), lower dose (3 mm) of EMS.
All 60 newly identified third-chromosome mus muthus demonstrating the efficacy of the current screen in identifying this class of mutations. Hypersensitivity tants were tested for the ability to complement known third-chromosome mus mutants mus301
only to crosslinking reagents is a rare phenotype among known DNA repair genes; the only well-characterized mus304
, and mus312
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.
example other than mus308 is the snm1 gene, first identified in S. cerevisiae by its sensitivity to nitrogen mustard As shown in Table 6 , 44 of the 60 third-chromosome mutants were alleles of existing mutants [mus301 (8), and another crosslinking agent, psoralen (Henriques and Moustacchi 1980; Ruhland et al. 1981) . Because mus302 (5), mus304 (2), mus305 (24), mus308 (3), and mus312 (2)]. The identity of the two new alleles of this phenotype is so uncommon, and because the four novel crosslink hypersensitive mutations mapped to the mus312 has been verified by sequence analysis (Yildiz et al. 2002) . The reason that an inordinately large numsame chromosome as did a predicted Drosophila gene (CG10018) highly similar to yeast snm1, it seemed likely ber of mus305 alleles were recovered in our screen remains to be determined. This locus was not proven that one or more of the four mutations might be mutant alleles of Drosophila snm1. Furthermore, the mutagento be highly mutable in a previous screen for thirdchromosome mus mutants (Boyd et al. 1981) ; thus, it sensitive phenotypes of two mutants, mus322 ZIII-4709 and mus322 ZIII-2589 , were demonstrated by linkage mapping seems unlikely that mus305 is simply a very mutable gene, analogous to mei-41. An alternative hypothesis is (data not shown) to reside in the chromosomal interval between thread and curled (72D1-86D4), consistent that this allele preexisted at low frequency in the parental stock, prior to mutagenesis.
with the location of CG10018 (83B1). We therefore determined the DNA sequence of all (ZIII-4709) or part The remaining 16 mutants define 14 new mutagensensitive genes (mus314-mus327). Mutants in 7 of these (ZIII-2589) of the coding sequences of the CG10018 gene from these two HN2 hypersensitive mutants, as genes were hypersensitive only to MMS (mus314-mus320), mutants in 3 genes (four total alleles) were well as the coding sequences from the CG10018 gene of mutant strain ZIII-0708, which complements the muhypersensitive only to HN2 (mus321-mus323), and mutants in 4 of these genes (five total alleles) displayed tagen sensitivity of ZIII-4709 and ZIII-2589 but was isolated on the same parental chromosome. The results sensitivity to both MMS and HN2 (mus324-mus327). For the 16 novel third-chromosome mutants, inter se of this analysis are presented in Figure 1 . Both ZIII-4709 and ZIII-2589 possess mutations not complementation tests were performed within phenotypic groups. Because it is possible that mutants in differpresent in the ZIII-0708 sequence or in the sequence of the CG10018 gene from GenBank ( Figure 1A ). The ent phenotypic classes could be allelic, the number of unique new third-chromosome genes identified in this sequence of CG10018 in mus322 ZIII-2589 flies revealed a missense mutation resulting in substitution of an evolustudy may be an overestimate; indeed, one example of this was noted after completion of our studies.
tionarily conserved cysteine residue (Cys 357 in the Drosophila sequence) by tyrosine, while the sequence in All pairwise combinations of the seven MMS-sensitive mutants displayed full complementation, thus defining mus322 ZIII-4709 flies revealed a missense mutation resulting in substitution of an evolutionarily conserved seven new genes. Among the five mutants that were -1973, ZIII-3997) glycine residue (Gly
377
) by glutamic acid ( Figure 1B ). lie immediately adjacent to amino acids (histidine and aspartic acid shaded in Figure 1B ) that are critical resiDrosophila SNM1 is a member of a large superfamily of proteins that include the metallo-␤-lactamase fold dues in the highly conserved motifs III and IV of the metallo-␤-lactamase fold domain, involved in the coordidomain (Aravind 1999). Within that superfamily, SNM1 is a member of the ␤-CASP subfamily, which is nation of zinc atoms and catalysis (Wang et al. 1999) . Metallo-␤-lactamase fold proteins are often involved in defined by additional conserved motifs and is composed primarily of proteins that are known or suspected to hydrolysis of ester linkages (Aravind 1999) and the Artemis protein, which, like SNM1, possesses both the have nucleic acid substrates (Callebaut et al. 2002) . Alignment of the Drosophila protein with other family metallo-␤-lactamase fold and the ␤-CASP domains (Moshous et al. 2001; Callebaut et al. 2002) , has been demmembers ( Figure 1B) onstrated to possess 5Ј → 3Ј exonuclease activity as well alleles of mus301 identified in our screen: mus301 ZIII-2205 and mus301 ZIII-2255 . In all three cases, the P-induced allele failed as endonucleolytic activity in complex with DNA-PK (Ma et al. 2002) . No enzymatic activity has been reported to complement (sensitivity ratio of 0.0 for each allele), suggesting that CG7972 is the mus301 gene. To confirm for SNM1, although the possibility of a role involving cleavage of hairpin structures during crosslink repair that the P element inserted in CG7972 was responsible for the mutant phenotype, we mobilized the element has been the subject of recent speculation (Brendel et al. 2003) . However, our results do indicate that the by the introduction of P-element transposase and identified revertants lacking the visible marker (wϩ) carried function of ␤-lactamase motifs III and IV is required for some aspect of interstrand crosslink repair, as has been by this element. DNA sequencing of a PCR product generated using primers flanking the insertion site condemonstrated for motif II in S. cerevisiae (Li and Moses 2003) . Although rescue of the mus322 mutant phenofirmed clean excision of the element. Complementation testing between the revertant and mus301 ZIII-2255 gave a type by germline transformation has not yet been done, the identification of mutations affecting independent sensitivity ratio of 0.83, confirming that the element was responsible for the mutagen-sensitive phenotype and residues in highly conserved motifs in two alleles makes it highly probable that the crosslink sensitivity of mus322 suggesting strongly that mus301 is indeed an allele of CG7972. Further supporting evidence was obtained by mutants is due to mutation of the Drosophila snm1 gene.
The mus301/spnC gene corresponds to the Drosophsequencing the entire open reading frame of two alleles of CG7972: mus301 ZIII-2255 and mus301 . The seila gene CG7972 and is the Drosophila ortholog of the human gene HEL308: The Drosophila gene CG7972 quence of the mus301 ZIII-2255 allele revealed a missense mutation, changing a GAC codon to TAC and resulting encodes a polypeptide (CG7972-PA) very similar (29% identity) to the helicase domain of the interstrand crossin the nonconservative substitution of tyrosine 455 of CG7972-PA by an aspartic acid residue. This residue is link repair gene mus308. The orthologous polypeptide encoded by the human gene HEL308 (41% identical located in a region between the highly conserved motifs II and III of the superfamily II DNA and RNA helicases to CG7972-PA) has been demonstrated to possess 3Ј-5Ј DNA helicase and DNA-dependent ATPase activities in (Gorbalenya et al. 1989 ) and is in a region well conserved between the human, mouse, and Arabidopsis vitro (Marini and Wood 2002), but has not been linked to a mutant phenotype in vivo. A putative mutant allele orthologs of HEL308 (Marini and Wood 2002) . No missense mutations were identified in the open reading of the Drosophila CG7972 gene was created through the insertion of an element (KG09098) into the fourth frame of allele mus301 , suggesting that this allele may result from an alteration in regulatory sequences. intron of this gene in an ongoing screen for transposon insertions into the Drosophila genome (http:/ /flypush. Both alleles had in common two silent mutations relative to the published sequence (GenBank accession no. imgen.bcm.tmc.edu/pscreen/). Flies homozygous for this insertion allele (stock kindly provided by H. Bellen) AE003735), presumably present in the parental chromosome. Although additional evidence for the identity of were hypersensitive to the crosslinking agent cisplatin (average sensitivity ratio of 0.05 at 0.167 mm cisplatin), CG7972 and mus301/spnC might be provided by rescue of the mutant function by P-element transformation, suggesting that this gene functions in DNA repair.
The discovery that an allele of CG7972 was mutagen the results presented strongly support this hypothesis. The identification of the Drosophila ortholog of the sensitive led us to question whether it might correspond to any previously discovered mus genes not yet characterhuman HEL308 gene as mus301/spn-C provides the first evidence suggesting that the HEL308 protein may funcized at the molecular level. CG7972 maps to cytological location 66B8 (FlyBase 2003) . Using the FlyBase Cytotion in recombinational repair of DNA DSBs. Other members of the "spindle" class of female-sterile mutasearch tool, we examined this region of the genome for two lettered divisions to either side of this position. A tions in Drosophila have been identified as mutations in okra, the Drosophila ortholog of the S. cerevisiae total of 28 genes are predicted in this interval, including only one mutagen-sensitive gene, mus301. mus301 was RAD54 gene (Ghabrial et al. 1998) , and in three of the five known Drosophila Rad51-like genes: spn-A (Rad51; mapped to the 65F3-66B9 interval by its failure to complement Df(3L)pbl-X1 (Gonzalez-Reyes et al. 1997 ) Staeva-Vieira et al. 2003 , spn-B (XRCC3-like; Ghabrial et al. 1998) , and spn-D (Rad51C-like; Abdu et al. and was shown to be allelic to the female-sterile mutation spindle-C (Ghabrial and Schupbach 1999), but 2003) . The disruption of oogenesis in these mutants and in spn-C results from a failure in repair of meiotic has not been previously cloned. We therefore tested the possibility that mus301 was an allele of CG7972 using DSBs, with subsequent activation of a meiotic recombination checkpoint (Ghabrial and Schupbach 1999; both genetic and molecular approaches.
The P-element-induced CG7972 mutant allele was Abdu et al. 2003; Staeva-Vieira et al. 2003) . In addition to their role in meiotic cells, the mutagen sensitivity tested for its ability to complement the mutagen sensitivity of three alleles of mus301, using 0.08% MMS as a mutaof spn-A, spn-C, and (weakly) spn-B indicates that these gene products also play a role in the recovery of mitotic gen. Alleles tested included one previously isolated allele (mus301
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; Boyd et al. 1981 ) and two of the eight new cells from elevated levels of DNA damage. The role in recombination of the RAD52 epistasis group of genes, by HN2 at the concentration tested. The S. cerevisiae homolog of mus205, rev3, is likewise not essential for which includes among it members RAD54 and the RAD51-related genes, has been extensively character-DSB repair (Holbeck and Strathern 1997).
The second class of mutants identified was that sensiized (reviewed by Symington 2002). Similar studies on the HEL308-related genes will be needed to determine tive to both mutagens. Although fewer of these were found in the screen reported here, this class is equal in the role of this helicase in recombinational repair.
abundance to the MMS-specific class among the entire set of Drosophila mutagen-sensitive mutants found to DISCUSSION date. Examples of this class include components of the NER pathway, including mus201 (XPG; Calleja et al. Mutagen sensitivity and DNA repair pathways: There is a complex relationship between the specific hypersen-2001) and mus210 (XPC; Henning et al. 1994) , as well as mus309, which participates in DSB repair through sitivity displayed by each mus mutant (MMS only, HN2 only, or both mutagens) and the repair pathway defined participation in the synthesis-dependent strand-annealing pathway (Adams et al. 2003) . by that mutant.
The most abundant products of MMS treatment are An intriguing result of our screen is the identification of two new mutants, in addition to mus308 and snm1, 7-methyl guanine (7MeG) and 3-methyl adenine (3MeA) residues, which are nonbulky adducts classically displaying specific hypersensitivity to HN2. Mapping and characterization of these genes is in progress, and repaired by the base excision repair (BER) pathway (Friedberg et al. 1995) . However, genetic studies in S.
preliminary results suggest the existence of at least two pathways as defined by epistatic interactions (L. Chang cerevisiae have demonstrated that the nucleotide excision repair (NER) pathway plays an important role in and K. C. Burtis, unpublished data). Although previous studies have indicated the importance of components competition with the BER pathway in the removal of the damaged bases 7MeG and 3MeA (Lee et al. 2002) .
of multiple pathways, including NER, recombinational repair, and damage tolerance, in repair of interstrand Furthermore, these lesions are known to result in stalled replication forks, leading to the creation of DSBs that crosslinks, these pathways are also known to be involved in the repair of damage created by MMS (Friedberg are characteristically found in dividing cells treated with MMS. Treatment with HN2 likewise leads to a complex et al. 1995) . The existence of multiple HN2-specific mutants suggests the possibility of novel functions or patharray of DNA damage. The most frequent lesion is alkylation at the N7 position of guanine, creating a bulky ways unique to the repair of interstrand crosslinks. Mutants lacking function of the mus308 gene have been helix-distorting adduct predominantly repaired by the NER system. However, as a bifunctional alkylating agent, demonstrated to be hypersensitive to different chemical mutagens having in common only their ability to create HN2 is also capable of creating covalent crosslinks between either bases in close proximity on one strand or interstrand crosslinks (Boyd et al. 1990) , and to be insensitive to agents not creating crosslinks, indicating bases on opposite strands (Bauer and Povirk 1997).
Creation of DSBs as a result of treatment with bifuncthat it is the crosslink rather than the precise covalent modification that requires mus308 function for repair. tional crosslinking agents has been demonstrated in dividing S. cerevisiae (Magana-Schwencke et al. 1982) Similar studies using multiple crosslinking agents are in progress with the new mutants to confirm that they and mammalian cells (De Silva et al. 2000) and is probable but remains to be demonstrated in Drosophila.
are likewise specific in their roles in crosslink repair. Hopefully, identification of the complete set of genes Given the complex array of damage resulting from exposure to MMS or HN2, we expect that our screen for mutable to a crosslink-specific phenotype will lead to an understanding of how the various common repair mutagen-hypersensitive mutants will identify genes in a majority of the known repair pathways.
pathways involved in crosslink repair coordinate with specific unique functions to repair this unusual type of The most frequent class of mutants obtained in the screen reported here were those uniquely sensitive to damage. Understanding the function of these genes may also provide some insight into their normal physio-MMS. The genes identified presumably encode functions not required for repair of types of damage either logical role. There is no evidence to date that interstrand crosslinks occur at significant levels under norunique to HN2, such as interstrand crosslinks, or common to both mutagens, such as DSBs. The one known mal conditions in Drosophila; thus, it is unclear whether the evolutionarily selected function of these genes is example found in this screen was new alleles of mus205, which encodes the catalytic subunit of DNA polymerase actually to repair crosslinks or rather to function in the repair of another as-yet-unrecognized class of lesions. . This polymerase is capable of trans-lesion synthesis across damaged bases on the template strand and is Given that there is only one extant mutant allele for two of the genes in this class, it is possible that more critical for survival of MMS-treated cells (damage tolerance). However, the lack of sensitivity to HN2 indicates genes mutable to this phenotype remain to be identified. This is also the case for other repair pathways in that mus205 is not essential for repair of the bulky adducts, interstrand crosslinks, and DSBs likely created Drosophila, as discussed below.
To what degree have this and previous screens satufor mus301 and 27 alleles were recovered for mus305. Inclusion of such loci would invalidate any estimate of rated the autosomes for mus genes? Two alternative approaches were used to estimate the degree to which saturation using a Poisson distribution, because it would artificially increase the mean number of alleles per losaturation has been achieved in the screens to date for autosomal genes that can be mutated to produce alleles cus. Although others have addressed this difficulty by simply excluding these types of outliers from the calculathat are both homozygous viable and mutagen sensitive. Both estimates-one derived by comparison with the tion of m, it is not clear where to draw the line when considering such loci as mus205, with six alleles. number of known DNA repair functions identified to date in other organisms and the other derived from
The second difficulty in the use of the Poisson distribution lies in the method by which m is calculated. a statistical approach based on the number of alleles recovered for each complementation group-similarly Traditionally, m has been determined simply by dividing the number of mutations recovered by the total number conclude that mutations have been recovered in ‫%05ف‬ of mutable loci. of loci they define. The problem is that an accurate estimation of the mean requires knowing the answer An analysis of the human genome suggests the presence of ‫031ف‬ genes involved in DNA repair (Wood et that one is trying to obtain, namely the number of unhit loci. When a screen is approaching saturation, the al. 2001), a majority of which are evolutionarily conserved in other species. This may be an overestimate difference between total loci and loci for which mutant alleles have been recovered may become small enough for Drosophila, given that there are genes on the human list for which no similar sequence appears in the Drothat ignoring this difference will not greatly affect the result. However, when saturation is low or moderate, sophila genome (e.g., only one of seven Fanconi anemia genes, FANCD2, has a Drosophila homolog). Conignoring this difference will cause the degree of saturation to be drastically overestimated. These difficulties versely, it is possible that there are repair functions unique to Drosophila. It is also important to note that were anticipated by T. H. Morgan and H. J. Muller (Lefevre and Watkins 1986). If one assumes that it may not be possible to mutate some genes to alleles that are both homozygous viable and mutagen sensitive among those alleles that are not hypermutable, mutability is relatively similar, it is still possible to estimate the either because they are essential or because their products are functionally redundant. Still, making the asdegree of saturation by using the Poisson. One effective method, first used by Cohen (1960), sumptions that there are an equivalent number of repair genes in Drosophila and humans and that 80% of these gives a maximum-likelihood estimate of m by simply taking the mean number of alleles per gene from the genes are located on the second and third chromosomes, we might estimate that some 104 such genes are sample mean (alleles/identified locus) and then looking up m from a table. Again, this method requires located on the second and third chromosomes. If this is indeed the case, then approximately half of those loci the investigator to determine where to draw the line between what is an outlier and what is to be included have been mutated in the screens performed thus far.
The traditional method of approximating the numin the calculation. We propose an alternative approach that does not require a subjective decision with respect ber of "hit-able" genes in Drosophila relies on the use of the Poisson distribution. This method assumes that to outliers. This method is derived from a comparison of the first few classes of the Poisson distribution itself: all genes are mutable with an equal frequency and allows one to estimate the number of "un-hit" genes by the namely P(0) ϭ e Ϫm on the basis of the average number of alleles per mutable locus (m). Using this method, Dividing P(1) by P(2) gives you 2/m. Note that although P(1) and P(2) are both proportions, and thus are depenprevious workers have estimated that the Drosophila genome might contain some 55-60 genes capable of dent upon the size of all of the other classes, their ratio is independent of these classes. Thus, P(1)/P(2) ϭ mutating to mutagen sensitivity (Smith et al. 1980; Mason et al. 1981; Snyder and Smith 1982) . Were that N(1)/N(2), where N(X) is the total number of loci recovered with X alleles, and m is easily calculated as: the case, the current number of loci identified might well represent a very large fraction of the possible muta-2/m ϭ N(1)/N(2) or m ϭ 2 N(2)/N(1). tional targets.
Unfortunately, the method in which the Poisson has As shown in Figure 2 , the percentage of saturation follows directly from the Poisson distribution as 100 classically been applied has two major problems. The first problem inherent in the application of the Poisson (1 Ϫ e Ϫm ). We favor this method, because not only does it allow for calculation of m without assuming that the to estimate the number of target loci is that not all genes are equally mutable. The total collection of mus mutants P(0) class is small, but also it eliminates the need for the investigator to determine where the line should be in Drosophila and our own set of newly isolated mutants clearly contain a substantial number of hypermutable drawn as to what is an outlier and what is not. Although we believe this approach to be preferable to a traditional or "jackpot" loci. For example, while only 1 or 2 alleles were recovered for most loci, 8 alleles were recovered use of the Poisson distribution, it is not without its prob- lems: when either or both N(1) and N(2) are very small, comparisons. For the second chromosome, 10 loci were defined by one allele and 6 loci were defined by two the calculation of m is subject to large fluctuations as a result of sampling error.
alleles. By using Figure 2 , we can estimate that the second chromosome is 70% saturated and that the total The use of this method to estimate the degree of saturation for the second chromosome provides an annumber of mus loci on chromosome 2 may lie somewhere in the vicinity of 40. Application of the methods swer that is pleasingly consistent with the estimate initially described above, which was based on genomic described by Cohen (1960) provides a similar result, an estimation of ‫%05ف‬ saturation. On the basis of these estimates, one would predict that there are ‫05-53ف‬ genes on the second chromosome that can mutate to The analysis of the third chromosome is substantially more complicated for two reasons (Table 7) were allelic to the three previously characterized loci that had been defined by single alleles (mus306, mus307, roles in the developmental process (Gatti et al. 1983; Yamamoto et al. 2000; Van Hatten et al. 2002) . and mus310). In all cases where new alleles of extant genes were obtained, they fell in genes already defined We thank Ed VanVeen for help in coping with the estimates of by two or more alleles. Similarly, among the 14 new saturation, as well as Bill Gilliland, Arcady Mushegian, and Galina Glazko for their valuable insights into this matter. We acknowledge third-chromosome genes identified in our screen only Li-Ping Chang, Josh Deignan, Katie Hollis, Dawn Milliken, Valerie 
